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ABSTRACT  

The transmission of high resolution raster images over low-bandwidth 
communication lines requires a great amount of time. User interaction in 
such a transmission environment can be frustrating. The problem can be eased 
somewhat by transmitting a series of low resolution approximations, which 
converge to the final fimage. Several methods of computing such a series of 
images are presented. Each is related to a particular type of pyramid data 
structure. They rely on the ability of the local display device to overpaint 
an existing image, and generally require some transmission and computation
overhead. However, one of the methods requires no transmission overhead and 
only a small amount of local computation. A notation is introduced that 
permits concise descriptions of the image refinement processes. 
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I NT RODueT 10 N 

Raste[' g['aphics display devices are capable of reproducin.q very 

complex images. Unfortunately, they are often connecte1 to the source 

of thosa ima..Jes, a large mainframe computer, bv low-bandwidtu data 

links. This makes it difficult to interact effectively with the 

. display when it is bainy used to display the ima~es for Ma~ch it ~as 

aade pften full-color, tvpically 512*512 picture elaments (pixels) 1. 

Transmitting such an image over a 1200 baud lina can take halt an 

h~u[',. or longe~ If it is being d~splayed on a line-tY-l~ne basis, 

then it may be 15 or 20 minutes before ehe user hiS any notion of what 

the finil pi~ture will be liIe. 

This p['oblem can be alleviated somewhat uy send.icy, and 

displaying, a se['ies of images which converqe to the tinal, full 

resolution picture. Successive images are refinements of earlier 

images, and approximations to the origin3.l ililaye. The primar: y 

advant3.~e of such a scheme ~s that global structure ~n ti:.t.e iUlaCje 

becomes apparent very early in the display process, allowin~ the user 

tJ begin to examine the picture, and even interrupt tbe jisplay When 

satisfiel with the app['oximation. rile disadvantages lie in (poss~b.l..y) 

increased st~rage or computation costs. 

In this paper, we presdut several methojs of computing such a 

series of converginq i1l1ages. All of these ill€thods are based upon 

p,camid data structures [TaAimoto :l nd i?a vlidis, 19 7S]. Tte 

differec=es between the methods are r~lated t~ the Choices ffiaa~ i~ the 

rresiqn Jf pyramid data structures. 
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PYRA~IJ DATA STRUCrURES 

A pyra~id data structure consists of severil lev~ls, aumbered 

O-L, where each level is a 2-dimensioLal raster ima~e. Level L is the 

~~3t detailed (finest resolution) image; the ot~ers are derived fro~ 

it. aaa are approxi~atious to it. 1) Th~ value of a pixel 1.0 

level k is a function of t~e values ot the pixels in an cixN window in 

level 1+1. Thus, the relevant parametors of a pyramid data structur8 

are: 

a) lC,Y : the dimensions of Level L, 

b) M,N: the ;limensi:::>ns of the re1uction window, 

c) R : the reducti.)n rule. 

USlally, the reduction window and the original iwag8 are square 

(M=N, I=Y=(~**L) I but these conventions can be relaxed, at so~e CJst 

in compu ta tiona 1 comple xi t-,. The reduction rule can ue any reasonable 

'I ..
ill n ct ion of the pixels in the wiadow (e. q., :11 n , "1:1. x, 1ea:l, .•eG.lan, 

Mode, 5um, Selection, or their exteusioas for hdndliuy c:::>iored 

pilC(15) • 

In subsequent sections we shall iiltroduce f::)r~uLa~ ~hich reier to 

pixels in pyramids, and in order to simplify taase refere~ces ~e 

denote by (k,i,i) the pixel in level k at the itn ro .. , it.n column. 

The ,5 e t 0 fall p y ram i d pixe 1 sis i?= ( (k , 1., i I j G$. k$.1. , 

OS,i<N**k}. 
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NCTA~ION FOR RASTER Or~RATIGNS 

~~c '10., present notati::>n that can conveniently be used to reprE:sent 

many of the processes discussed in this paper. In particular, the 

ll~tati~!l will permit us to concisely d€scribe the pro gress ive 

sequf,nces ::>f im::lqes that our methods produce. We begin bv introducing 

se VI.: ra 1 It iconic opera to rs." :r hese :nan ip ula -:. e image dat a by act ing on 

qCE:y-valued (or colored), arbitrarily-shaped rnqions of the picture. 

~or€ prz=isely, each iconic operator is either a binary operator 

(t!kinq two oosrands) or. a unary operator (taking one operand), and 

-takES operands ,.hich are "colored subsets of R!to II RE (the "r aster 

reqion") is an X bv Y array. Thus, 

c,R = [(0,0),(0,1), ••• ,(0,1'-1), 

( 1, C) , ( 1, 1) , ••• , ( 1 , Y-1) , 

( ;( - 1 , 0) , { ;{- 1 , 1) , ••• , ( X - 1 , Y -1 ) 1 

Ci: '1. set of ::010rs ('::.1"1., =ombinations of Led, qref:::!l, and tlue, 

realizable on a par+-icular raster uisplayJ.evice). ~~ assu~~ that two 

. 1 ""l,... ... s bl"'~" all ·... h.;!-Q are l'n C rT'_·hen;f S£,,,-'Q an'.~L ~·.S->C,s Dec::!.. a C..l ',n.. I __ :::!...:::::':::: i., .'!...:...:...:.:....:; , ,. .... " 

WE say (S,:) is ,1 Co12'C<.:rl su1?s~l of SEa ..\n alternative name for the 

cor::::e;;t 0: a color::9i 3U:)Set of ~? is "Odctial Fi::ture ll since a colorej 
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subset of BE is in actuality completely described hy the partial 

function f from BE to C. However, the explicit laotion of the domain 

5 of f simplifies our subsequent discussion of iconic operators. 

For co~pleteness of our basic terminology, we let F be the set of 

all colorinq functions f and let t; be the restriction. of F to {51. 

Th us the col') reJ subse t sol R R at' e t h€ element $ (s I i) ot 2~F such that dom(f) = S 

The ~Q~kntia3 Q£erator, i, is a binary iconic operator whose action 

is described as follows: 

Ii her e 

but (x,y) € S1 

{undefined otherwise} 

'I') "repaint fl using two colored subs€ts of RB, we make the resultin'J 
I 

subset be the union of the two given, and defin: a coloring function 

fot it as follows: the pixels common to the two origical subsets get 

-
the c::>lor from th8 second subset. All other pixels of the ne'., subse+: 

q€:.t the :::olor oriqinallv assigned to t1.E:I11. It is easy to seE that '-:. 

is associ:itive out not com:nutative. '!'hns we wl:'ite 



Page 6 
n 

% ( 8i ' f i) :: (S1 ,f1)! ( 82,f2) % • • • ! ( Sn ,fn ) 
i::1 

~ith tha undecstandiaq that the order of the terms is fixe::i. .\n 0 the, r 

bi~arv iconic operator makes use of distinguish£d colors, black and 

white, and an assumed col')r cOlllplemeut Fermutation '"c :C-)C satisfyin'.l 

'/I' ('/I' (c» :: C 
C C 

'/I' (black):: white. 
c 

~he left complEment ~peratoc L£ is defined as follows: 

f1 (x,y) if (x,y) € 8 but (x,y) i S2
1 

f (x,y) if (x,y)ts and (x,y);:S2
1 1  

and f 
2
(x,y):: black  

'/I'c (f1(x,y) ) if (x,y) e S1 and (x ,y) e 8
2 

and f (x,y) :: white
2 

(undefined otherNise)  
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10. the left comple::1ent operation a pixel in S,3 c:'Hllillg from $, keeps 

its oriqinal color if either the pixel ioes no~ belong to ~ or the 

pixel belongs to S2 ~ad is col~red black. If the pixel from S I 

belonq3 to S2 and is colored white (by f 2 ) the pixel is qiven tbe 
. 

complementary color in (S3 ,f~). A point in Sl. but uot ~n S, iceeps its 

color in S3. The operator is defined so as to per:nit (Sz,t:) ~o act 

as a "3witch picture" to selectively co~ple:neat :olors of pixels fro:n 

(S, , f, ) • 

When ~ll its results are defined, the left complement o~erator 

like the repainting operator is not co~mut~tiv~ but is assoc~ative. 

Thus we write 

(S.,f.) 
~ ~ 

with unambi~uous interpretation. 

ie ~ill use another operator, the "blo~up" operator as .lC 

interf~:e between pyramid and raster representations. T~ia 02erator 

i5 aot strictly iconic since ouly its result (r~tner than both its 

operand lad result) is a colored subset of liP.. The blowup o~erator is 

defined as follo~s: 

B: PXC+2~ 

B«k,i,j),c) = (S,f) where 

s = { (x,y) I i*M**k<x«i+l)*M*:"k, and 

j*N**k~«j+l)*Ni~*k } 

and f(x,y) = c (uniformly). 
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Th~ blowup opecatoc tcanslat£s a pvcamid pixel and its coloc into a 

coccespondinq ceqion in the detailca rastec ce~ion, color~d with tne 

sa~e coloc. 

Both the cepaintinq operatoc and the left complement opecator 

take two arqu andMents are thus binary. Althoug~ we shall Dot need it 

here, one mav define a unacv co~plement opecatoc: 

where 
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NAIVE t1ETflOD 

Assuming that a pyramiJ data struct~re has b!en built, there is a 

straiqbt-for~ard display technique which depenls only on t~e abili~y 

. of the local processor to pain t rectangular req-ions on the screeu (or 

in a frame buffer). Tile pyramid is sLaply transmitt.ei "tap-down". 

Each level is sent in the usual raster scan oreier, aud us&d to 

overpaint the existing image. First, level 0 {1x11 is pair-ted as a 

single block, covering the entire screen. Then l:!vel 1 UlxNI is sect 

and displayed, again filling the entire screell. Succ€5sive levels, 

re~uirinq ever increasing amounts of time to transmit auJ Ji~plal, 

serve to continually refine the cieta. ils of th3 i lIaqe 011 tile .screeu 

(see Figures 2 and 3). 

This method can be used to display any pyramid data structure, 

regardless of the choice of reduction window siz3 ani reductioll rule. 

However, sin=e each level is sent in its entirety, all of the effort 

devoted to sending levels 0- (L-1) is U\liasted" wuen level L cOlllplE:tely 

Jverwrites it. When the reduction winda" is 2 x2, this ,ilean s a 33.3/3 

increase in transmission tile for the full resolution picture. ~Lsa, 

there IllU3t be a small a!DOuut of Incal (to the dL:iplay) computati'Jrl and 

5tate, ~hich interprets t:te sequence of pixel values anG lCeeps track 

of such thinqs as the current level, the position within the current 

raster scan, and the size of the rf'Gtan'::j'les to be paint<:!i. :\ small 

~mount of preliminary information may need to be trans~itted ~~ orJer 

to initialize this local c::>~pltatior:.. rilis transmission OI/~[ilCaU is 

neqliqible, however. 

http:transmitt.ei
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Tna proqression of ima 1es produced by the ~aive receiver is 

described by: 

L 
(RR,f) = % % B«k,i,j),C ··)

kO<i<2k ,~,Jk=O 

O<j<2k 

where 

~,i,j 

is tile =:)10r (value) of. the pixel (k., i, i). 

The order of terms for t~e second repainting o~arator does not 

affect tile filla1 result in this case. no'.ever, the proqression of 

i:.uaqes is affected in that the oraer of repaintillg t:n~ b:'ocks :>f a 

sinq1e leval depends In t~e ~ay this o?erator's indices are 

inteJ:preted. We can si:np1ify t;lis expJ:65sion if 'lie assuille chat ;( ·,n.ll 

be the slowest index to increase: 

(RR,f) = % B«k,i,j) ,c.. . .)
-k,~,JO<k<L 

O<i<2k 
O<j<2k 
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NAIVE S2NlJEI:l. 

begin "sena image" 
f~r level := 0 step 1 until L 

do be~in "send level" I 

f:>r ., := 0 step 1 until (~J**level)-1 

do be~in "send scan line" 
for x := 0 step 1 until (M**level)-1 
io Send(Pyramidrlevel,x,yl) 

end "send scan line" 
end "sa od le ve 1" 

end "send image" 

N~IVE! RECEIVER 

begin "receive image" 
f~r level := 0 step 1 until L 

do be:tin "receive level" 
f~r V := 0 step 1 until (N **level) -1 
do begin "receive scan line" 

for x := 0 step 1 until (M**leveU-1 
do begin "receive pixel" 

Receive (pixel) ; 
x1:= x * Screen:'laxX / (M**level); 
x2 := (x+1) * Screenr1axX / (~**level)-1; 

V1:= V * ScreeoJaxY / (U**lavel); 
V2 := (V+1) * ScreenL1axY / (N**levelj-1; 
SetColor (pixel) ; 
PaintRectanqle(x1,v1,x2,v2) 
end "receive pixel" 

end "receive scan line"  
eni "receive level"  

end "receive image  



?acJE: 12 

EX?LICIT R2PAI~TI~G 

Tile previous metaod used. J. tixed oc1er:- of pixE:l traHsmissior., and 

used knowlajqe about this order to avoid sendius auy ?os~t~oniuq 

in for mat ion. In this method, " e ta k. 8 the vi:::w that the spatial 

coherence of the i~aqe is such that there are ldcq8, homogenEous areas 

W[licil., :.lnce painted correctly ill a low resolution i:uage, u2e:1 Ll3t be 

overp1.intej. This is often the case in binary l~ages, a~d teeo~e3 

less pr:>bable as the grey scale or color cesoi'-ltion is iGCrelS€;d. 

rh~ transmitted infor~atioli consists of a S2~uence oi quadruples 

( k , i , ; , V), \II here : 

~ = Level number, 

i,; = Coordinates of a pixel at t~dt Level, 

v = The Color (or '''alue) of tr.at pixel. 

ODce aqlin, we tcansmit the pyramid 0:;: tile top dOIoIl, except 

that we only se~d a quadruple tot:' a pi:(el i": its Value is dltierent 

than the v!lue of its Fat~er (iu the pravious Level). 

imaqe5 lill be tlle saille as those ~roQuceJ by t~e ~aive meth~J, Lut the 

display speed \ii11 depend strouqly up,)n L:e "?yn:niJ. cul:;pl2Xity" 

" Tanllnoto, 19771 oE the imaqe. 

values is 3!!1all, an J w;lE~ n t he p y r a ill i d i s1 :- 0 \I n 1.1 y are ci ue t i 0 H r: :...1 c  

such as i10:1e (Valu2 of Fa ther :: :uost COi:lJlull Va LUG of 50r,s).  

cases, Ie are quaraHteed to hav~ correc~l.V paint~:i at .J.E:iiSt 1/(.';':<:;) i);:  

the pix e 1sat a g Lr en 1 eve 1, sin c eat h:: a .3 to;)' e SOl: ii, Co; vS r v r ':: (1 U C t i J ••  

window has the sa:ne valJe aa tue ?at~er of tbat Jind0~.  
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This mat hoi is unsuitable for the display of pvra~ids grown by 

reducti::)(l rules {e.. g.. , ~ean) which io not gUirante::! exact matches 

between Father and Son pixel values. In these cases, the overheaj 

iavolvei in specifying the level and coordinates of each pixel will 

outweigh the savings made by not sending every pixel. 

A special case arises when the imajes are binary (0/1). 

case we are guaranteed that at least 1/2 of the pixels at a qiven 

le'le1 are already correct. In addition, lie can dispense with the 

fourth element of every quadruple. ie aiopt tha convention that the 

screen is oriq inall y blank (sa y, all 0' s) .. We rna y refer to th is II Zero 

image" as level -1.. Then, the Value of a given quadruple 1S uniquely 

determined.. He nce, it need n:> t be sent. Lnstea:}, the meani fig of the 

triple (k,i,i) becomES "colnplement the block correspvHuing to positiun 

(i, i) at level k" rTanimoto, 1977]. 

of =our5e, if we do not restrict ourselvas to pyraill1d data 

structures, there is a larqe class ot successive refinement display 

methods based on the use of s~aller and s~aller c!=tan~ular (or other 

snapedl blocks. Tha tradeoffs are much the same as those addressed by 

d i v ide- and- co II que r hi,jden sur fac e a 1 gar i t!1 iJ s [ 'if d r no ck , 19 6 ':I ] • N:) t e 

tllat the (k,i,i) triple is smaller than the (X1,Yl,X2,Y2) <juadr:uple 

needed to specify an arbitrarily placed rectallqular block, but that 

arbitrary placemeat allows faster localization ~f ajges ~ilicn j~ d~t 

lie on the pyramid's reduction ~indow boundaries. Allowinq arbitrary 

place~ent of hlocks also raises the qaestion of ef£icieat wethods of 

deter~ininq aD optimal painting sequenCB. Such cunsitieratioLs ace 

hevond the s= ope of ttl i S \fork. 
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We describe the proqression of imaq~s produc~d by the explicit 

repainti.nq recei ver as follows: 

(RR,f) 

Dq 

= % 
q=l 

F«k ,i ,j. ),c )
q q q q 

Here the sequence of quadru1)les sent bY' the elCpli:it repaintiny s~nder 

is represented by: 

In the aforeiIlentioned special case .aere binary (bl3.ck/lltlhite) imaqes 

are concerned (and the value of a qiveu quadru?le need no~ be sent, 

since it is illlplicitly the opposite of its cather's value), we 

describe t~e explicit repainting receiver's actions as 

(RR,f) = B(O,O,O)", blaCk')  ¢ ( :q B«k ,i ,j ), White)) 
- \q=l q q q 

Th~s, successive refining in this case is equivalent to successive 

COUlPiem.entation of the color of subblocks. 
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EXPLICIT HEPAI~TIN~ SENJER 

beqin "send i~aqe~ 
.i end (0 , 0, 0, P Y I:' a (II i dr 0, 0 , 0 ]) : 
for level := 1 step 1 until L 

do beqin "send level"  
foe y := 0 step 1 until {N**level)-l  

do beqin "send scan line"  
for x : = 0 step 1 until (M**lava 1)-1  
10 begin "send ?ixel" 

father := Pvramidflevel-l,x/M,y/Nl; 
son := Pyramidr level,x,yl: 
if son NEQ father 
then Send(level,x,y,son)  

end "send pixel"  
end "send scan Line"  

enl "send level"  
end "5end image"  

EXPLICIT REPAINTING RECEIVER  

begin "receive image" 
vhile TRUE 

eto begin "another pixel" 
Raceive(level,x,y,pixel) ; 
xl:= x * Screen:iaxX I (a**level); 
x2 := (x+1) * Screen,1ax:{ / (:1**level) -1; 

Vl:= y * SCI:'een~1d.xY / (N**level); 
y2 := (y+1) * SCI:'een~dxY / (N**level)-l; 
SatColor ( pixe U ; 
PaintRectanqle(xl,yl,x2,y2) 
end "anotheI:' pixel" 

end "I:'eceive image" 

http:SCI:'een~1d.xY
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or'lIT lEDU~f)ANr PIX:~LS {S'J.1) 

rhe Naive method ~ade us~ a! a s~ecific orj~rill~ of the pixeLs 1L 

the pyramid, and the :SxolL:it El.:paintin r1 :aetiod USEd knowh:.jqe (Oll the 

Sendee's part) about previously sent pix'81s III order to avoiu !:;t:adir.q 

fI red u n dan t " in for lil a t i a 11. In this rr.ethou, '.e r::!ly upon r,u0wledge on 

the heceiver's oar.t about the values of prevl:Jllsly sent pi:CEJ..S aau the 

reJuction rule used in qro~ing the pyramid. 

AS5ume we are ~orking with scalar plxei values (color is ~acdled 

by aS5Jminq we have three scalar-vaLled i~a s) 4 

reduction rule was Sum (Value oi Fataer = Sum of Vdlu~s SOL.'::;). 

fiest aJte that each level of t~e pyra~id requires a diiiereL.t nuru~er 

Jf bits to represent each pixel. ~nE:n the r8u uction wirdo:.i .LS 2:<2, 

level k-1 requires 2 more bits per pi{el thdil level k. ,Iext, \rIe see 

that if de know the values <l£ the Fatl.er and all but Ohe Jf tite SO;lS, 

then we can derive the value of the last Son. .20r ~xa!!lpl.e, ;.ritl. a 2:<2 

reduction win10w, 

S J n r 1 , 1 l = Fu. t n e r - (S 0 n f 0 ,OJ +S 0 iii'), 1 ] +S() 11 [ 1 , 0 ]) 

if the valuE.s ot previously sent ~lXI:;.l..3l[e rea11-l.V 

avai~able t~ t~e Receiver (i.e., the curreut imi~e is s~ored il. l~cdi 

memory vti=h can be read bl the Rbcei7inq process), t h. e I.~ '" e ca. II 

transmit 

last pixel in each reducti~n ~i~d0W. ':.'he 5.eceivin,~ t=:rocess ;r:tlst 

aopropriately scale all vJ.l:.les ::or: displ:l. y ?ur:roses,anci COlllfJute tne 

v::llues ot th2 "o.issinq" pixels. 
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Note th~t the Receiver may take aJvantaqe ot the ihcreased 

grey-scale resolution io the ~o~er spatial r2so~ution levels. For 

example, an image ~hich is oinarv at level L can be displayeu as a 

gre'-3=~lD imaqe at earlier levels. This can be done eit~er by using 

a qrey-scale display device or by usinq half-toninq techuiqu~s to 

shade the rectangular b10cks on a binary display. This use of extra 

qrey-scale resolution may siqnifi~antly improve the ear ly 

approxi~ations to the final image. 

Sin=e we omit one pixel in each r~duction window, the total 

number 0f pixels transmitted is X*Y, the number of pixels 1n level L. 

H~wever, since pixels at different levels require more bits to 

spec if V , th2re is some transm1ssion overhead involved. The absolute 

:>V'er head is i ndependen t of the numbe r of bits pe r pi xel in 1 € vel L. 

For a 2x2 reduction ~indo~ and 12 bits of information for eacn (level 

L) pixel, the transmission overhead is 3.3;~. 

The proqression of images ?roduc€d by this receiver is identical 

to that produced by the naive receiver.. 
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C.lII' rEDf]'lJ,\:H PIXFLS (SrJ.'1) SE:'![':::? 

hEqin "send i~3qen 
for level := J steo 1 u~til L 

do ih~qin "sen.] h~'l21" 

f::>r v := 0 5teo 1 llntil (~T**levE:l)-1 

rio he:r in "5e:1J. scan line" 
C)r )C := :) stEP 1 !lntil {:'1**levEl)-1 
10 beqin "send oixel" 

if ((v :WD ~l) ~!.:::O :1-1) 

OR {(x :'lCO ~'l) l.;:';:C: [.! -1) 

:Jh (lev~l ::;; 0) 

tilEn Ser,r1 (~)vrami'lr level,y,vl) 

p [1'1 "s €: n d ::> i xe 1 " 
2nd "send scan lin8" 

end "send level" 
ella "SEnd imaqe" 

be:qir: "receive ima'1c" 
rJr vel:= C s+~j.) 1 until L 

1.;) beqin "'C'eceivE lev!""l" 
for v := :; step 1 unt.il (N**levEl)-1 

do h~)qir: "rec'~ivc sCJ.n lir.e" 
for x : = ') S t e p 1 un til (:'1 **1 eve 1) - 1 
dol' € q in II r (; ce i v€: pix ", 1 " 

if ((" '1 ( D 'i) 'J:' Q ~J - 1 ) 

J F ((x :'! () D '1) ~JS C :1 - 1) 

C R ( 1 e '/21 = .J) 
t~~n ~€:ceiv€(~ixel) 

E: l;,eo:' xE. 1 : = F'i ': hEr (x , 'I) 

- C; ~l ,[1 Pre vi') II 5 S ') n s (x , v) ; 
SavcV'~1UE (l~vel, x:,'j,!='ixel) : 
SetC·)lor (pi:<e:l/( (:1*'-1) **1eve1)) : 
;{l. x *5cr02'1~axX / (:1**1811131) 

x2 := (x T 1) ':. ScrE.:en:.axX / (~**12\TE1) -1: 
y1:= y <!< :3creea'1axY I (t,;**leve1): 
v'2:= (v+1) '~::lcrt:·~:1,".axY / (N** VE1)- 1; 

r il i :1 ': ::; e c -: .1 j 11l;:; (X 1, II 1 , x 2 , 'I :: ) 

En:i IlrEcei'/G piXEL" 
end "r;;?ce:,vl::: sc·tTI li11'2"  

€!i,~ "rec""iv>2 10I/l?1"  

e :1 r] " r C C E i 'I e i :n a ·V]" 
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OMIT nEDU~DANT PIXELS (SELE:fI0N) 

the previous method can be generalized to d~~l with any reduction 

rule which allows the derivation of tile Value of a single Son pixel, 

qiven the Values of the Father and the remaining Sons. In IJarticular, 

if the reduction rul~ is Selection (Value of Fa~her = Value of 

Son[x',v'l), then. not only can we avoid sending Son[x',v' 1, but we do 

n~t even ha~e to derive its value! When the other SallS are 

transmitted :ind painted on tile screen, Son[ x' ,V' 1 is already corc€ctly 

painte:! on the screen. rhe area ':vrrespondinq to SOU[A',y' 1 was 

painted Ii hen the Father \ias pain ted, and do::! s not need to be 

repainte:i. The important point is that both the Sender and the 

Receiver can knO'1 this. ~s above, we must transmit X*'1 pix els. 

However, due to our choice of reduction rule, 111 pixals require thA 

same number of bits. This illeans tuat tuere is aosolutelv no 

transmi3sion overhead, compared with a r')~-lJy-row painting of levE:!l L. 

rhe advantaqes of early presentation to the user of a complete, albeit 

low resolution, ima~e are ~btailled at the pr1ce of a SQalL aillouLt of 

computational overhead. Also, it 1S not necessary to store the i~age 

in fast memory a==assible to the Receiver, SLuce no operatioas otner 

tnan display are required. 

rhe valnes transmitted '::orrespoud exa::tly t') tile values 0':: the 

pix e 1s 3. tIe ve I L. The order in ~hich they are se~t is the anly 

difference between this metaod and the trljition~l row-by-ro~ raster 

s:: a r;.. Just as the Receiver must understand the orderiug of the us~al 

taster 3can, the Receiver for this metho:l ;"ust understcu:o., anli 

properly interpret, this ordering. If the ti~e to ~rite a lar~e 
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ractanqular ~rea au the screan '0[, ~n a Dutter) ~s "1:re8" 

c::latpared liith the trans;;tis:.5ion ti:!le, t!18n this method ~s lI'::ree". 
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03IT REDUNDANT gIX~LS (S~LECTlaN) SENDER 

beqin "5end image" 
for: leval := 0 step 1 until L 
d~ beqin "send level" 

for V := 0 step 1 until {N*~l~vel)-l 

d:> beqin "send scan line" 
for x := 0 step 1 until (M**level)-l 

do begin "send pixel" 
if ((V tWD N) ~JEQ 0) OR ((x :lOD ~l) NEQ O}  

JR (level = 0)  

the n Send (flvram iM level # x, V 1)  
en~ "send pixel"  

end "send scan line"  
enJ. "se nd Ie ve 1"  

end "5end imaqe  

Ot1IT REJUNDA:lT PI}(ELS (!:5ELE:TION) RECE:IVER 

beqin "ceceive imaqe" 
for: 1eve 1 : = a s te p 1 un til L 

do beqin "receive level" 
for V : = 0 step 1 uut~l (N**lev€'1)-1 

do beqin "receive scan line" 
for x : = a 5 te p 1 un til {11 * * 1 eve1) - 1 

do begin "receive pixel" 
if (V 1'!OD ~l) HEQ 0) CR «(x MOD N) NEQ 0)) 

JB. (level = 0) 

tben be4in "overpaint ~itb son" 
Receive (pixel) ; 
SetColor(pixel) ; 
x1:= x * SCL"eenMaxX I (N**lcvel); 
x2 := (x+ 1) * Screeni'laxX I (£1** level) -1; 
y1:= y * Screen~tixY I (N**level); 
y2 := (y+1) * St:reenC'1ax'{ I (d**level)-l; 
Pain t!t ectanq l'd (x 1, Y 1 , x2, y2) 

end "~ver?aint with son" 
end "receive pix:el"  

end "receive scan line"  
end "receive level"  

end "ceceive iiJaqc"  
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IN7ZRACTIVE DETlILING 

All of the above methods Cdll. be !!1odiiieJ to a 11<Hi the 0 ervE.C to 

dieect the successive ceZinement proce~s. Once the 2Ltire i~a~e has 

been paiutej to sooe minimuill resollltl.On, the user:- may illtecrupt tr.e 

transmission of the image dnd indicate an ared to be refined furt~er. 

The refinement pcocess is tuea li::lited to t.:ld.': area or: LH= ireaqe. 

This will prevent t:u:! traus:aission of inforinatl.011 about .leeas at tne 

imaqe which are uninteresting to the user, anl al~Qw much fastEr 

refinement of the imt>ortant detail.s. 

The Explicit n.epaintiu:.j sche:ue is t:le ea.3iE:st oue tJ ;nodify, 

since the position anrl extent of eact. rectilllg~l:le b.i.ock is co .... pJ..t:::tely 

specified.. The other methods rely upon d fixeJ, known order ot pi~eL 

and must be extended to deal with interruptions. 

user-spe=ifiei windowinq operatl.on, 

inform!tion must bd transmitted, t~ r~-lnitializ2 the 3eccivEr. 

http:operatl.on
http:resollltl.On
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T RA NS FO!H'l. :-J ET HODS 

past 

All of the met hods disCUSSEd above yield a If ser i es It 

repr:esentation of the i:nage, aad have ti1e "prefix: pr0per:tyll .. That. is, 

truncating the series at any point gives an approximatiou to the 

oriqinal imaqe. There are, of course, other repr~seutations with this 

_property. T~o whic~ have been used extensively in image processing 

ace the Fourier and Hadamard tr:ansfor:ms [Aoirews, 1~70]. TlLe primacY 

diificulty with such methods is the amount of computation requir:ed to 

turn repr:esentation into a visible i~age. If this is to te ~one 

only :>o:::e, after complete trans~ission of the (tr: Ilnca ted) tr:ansfor:u, 

then this might not be a ser:ious objection. However, kt is not 

immediately clear how to extend these ~ethods to interactive deta~l~nq 

in the spatial domain. 

rhe methods we have described have t!le ajdit.ional pr:oper:ty tnat 

they are well matched to tn.e display c~pabi1ities of availa~le rast.er: 

qcaphics equipment. For example, pailltin':l 1 r3ctan;Jula:;:- block is 

eSGentillly free on many display devices. Also, our: ~ethods can 

ea3i1, be implemented requiring neither: multiplication nor: division 

operati:>D.s. Since the display equip~ent provijes tie transfor~ 

inversion, this means that ra?id, repeated, incremental COL version of 

the series representation into a viewable i~aJe is feasible. 
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CON;:LuSIO~~ 

Th~ wilespread use of high resolution raster graphics dLs~lavs 

will require effective use of low bandwijth com~ullication lines. ~e 

h~ve presented several ~ethods of transmitting caster -images which 

provide early reco~nition of gross features and which are we~l matched 

to available display devices~ The use of these rn~ tl.t.ojs is by no WE::ans 

restrict:d to display appllcations. They dre suitable for any 

situation in which the Receiver call m~ke use of ~ low-resolution 

image, especially when the required resolutLon is not known a priori. 
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Figure  1.  Pyramid  data  structure  with  m x n  reduction  window.  Each  level 
(e. g.  level  k)  is  an  mk x  ok  pixel  array  where  0  ~ k  ~ L • 
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